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Abstract

Mari ne mcrofaunal data and terrestrial pollen records indicate
that the mddle Pliocene (ca. 3 Ma) climate is the nost recent
period in geologic history with global tenperatures nearly as warm
as those predicted for the comng century. W used the GSS GCM
to examne the Pliocene climte by specifying sea surface
tenperatures and vegetation distributions derived fromU S. G S
data sets. The sinmulation resulted in 1.4°C warm ng, annually
averaged over the Northern Hem sphere. Warm ng was greatest at
high latitudes; consequently, the equator to pole tenperature
gradi ent decreased by 11.5°C. Surface air tenperature increases
were greatest in winter, as decreased snow and sea ice triggered a
positive al bedo feedback effect. At low |atitudes, tenperatures
were nostly unchanged except for an anomal ous 3°C cooling over
eastern Africa. This anomaly is supported by pal ynol ogi cal data
and, in the sinulation, was a response to the weakening of the
Hadl ey circulation, which caused subtropical clouds and
evapotranspiration rates to increase. Evaporati on and
precipitation rates decreased over the oceans and the appearance
of negative P-E anonalies m ght have inplications for the Pliocene
t hernohaline circulation. The hydrol ogical cycle intensified over
the continents, where annual evaporation, rainfall, and soil
moi sture all increased. However, sinulated summer drought
conditions are not corroborated by terrestrial records, pointing
to deficiencies in either the nodel, the boundary conditions, or
the terrestrial data interpretations.

The Pliocene SST pattern inplicates increased ocean heat fl ux
as a conponent force behind the mddle Pliocene warnth, since

levels of COp |arge enough to cause the extrene high |atitude



tenperatures, would generate nore tropical warmng than is
indicated by floral and faunal records. Surface energy fl uxes,
calculated by the GCM indicate that an increased neridional ocean
heat flux of 32% could reproduce the data-derived SST
di stribution, despite weakened atnospheric transports. The
decreased wind stress val ues suggest that any increase of ocean
heat transports woul d probably have resulted froma strengthening

of the thernohaline circul ation.



| nt roducti on

Furthering our understanding of climte and clinmte nodel
sensitivity is critical if we hope to assess future climte
change. Paleoclimte experinents are routinely used as one neans
of determning if global climte models (GCMs) exhibit the
appropriate sensitivity to varying internal and external
conditions (e.g. changes in land surface properties, atnospheric
trace gases, or solar radiation). Utimtely, these conputer
experinents rely heavily on the ability to supply and interpret
pal eocl i mate data. The data allows nodelers to assign proper
boundary conditions to the GCM and it provides an independent
means of assessing certain climte variables, such as tenperature
and hydrol ogi cal properties, which can then be used for conparison
with GCCMresults.

Despite the variety of climtes that have existed in the
Earth's past it is unlikely that any single scenario is an exact
anal og of our planet's near future. Last d acial Maxi num and
Hol ocene climate nodeling studi es have provided nmany insights into
the effect of altered forcings and feedbacks (for exanples see
Manabe and Broccoli, 1985; Kutzbach and CGuetter, 1986; R nd, 1986;
Rind, 1987a). They offer abundant data and exhibit tenperature
changes simlar in absolute value to those found in doubl ed-CO
experinents, thus they provide superb opportunities to conpare the
climate sensitivity of the Earth with that of a GCM (Hansen et
al ., 1993; Hoffert and Covey, 1992). Ancient warmclimtes, such
as the Jurassic (Chandler et al., 1992; More et al., 1992; Val des
and Sel |l wood, 1992), Cretaceous (Barron and Washi ngton, 1984,
1985; Barron, 1989; Barron and Peterson, 1990), and Eocene (Sl oan

and Barron, 1990, 1992), also provide scenarios that help us



explore the potential affects of |arge changes in the climte
system  These climtes have |ess available data, but they are
i nval uabl e as sinulation scenari os because they present us with a
view of the Earth's climate during intervals that were nmuch warner
than today: intervals that were as warmor warner than a climte
with twice today's CO | evel.

One such warm tinme period, the mddle Pliocene (ca. 3 M),
of fers perhaps the nost useful scenario for climatol ogists who are
seeking to understand and inprove nunerical conputer nodels for
gl obal warm ng studies. The mddle Pliocene exhibits many
characteristics which may be quite |like the anticipated climte of
the next century. It was significantly warner than the present,
based on estimates from mari ne m crofauna of ocean tenperatures
and on pal ynol ogi cal data (see Dowsett et al, this issue). The
planet's high latitudes, in particular, were nmuch warner than they
are today, resulting in a reduced equator to pole tenperature
gr adi ent. The Isthnmus of Pananma was in place by this tine,
formng a critical geographic barrier between the Atlantic and
Pacific Cceans, thus it is less likely that the altered clinmate
was the result of unique equatorial currents (Maier-Rainer et al.
1990) .

Furthernore, the simlarity between Pliocene continent/ocean
di stributions and those of the present make conparisons with
current climate "control"” sinmulations nore feasible, since direct
differences can be made of the results of the two sinulations.
Differencing the results with a control experinent reduces the
effect of certain GCM specific biases. Finally, nodel-data
conparisons for mddle Pliocene climtes appear encouraging

because: 1) paleoclinmate data (and sections), for both land and



oceans, are abundant (relative to earlier warm periods) 2)
m cropal eontol ogically based climate interpretations are feasible
due to the | arge nunber of extant genera and species, 3) the young
geologic age inplies that fewer alteration problens wll hanper
geochem cal analyses, and 4) the dating of sections is nore
preci se, thus tenporal averaging is reduced and data can be nore
reasonably conpared with equilibrium or short-term transient
climate nodel sinulations.

There is no definitive evidence that reveals the primary
climate forcing lying behind the Pliocene warnth. G rcunstantia
evi dence suggests that increased ocean heat transports may have
pl ayed a nore significant role in the Pliocene warm ng than did

i ncreases in atnospheric carbon dioxide (R nd and Chandl er, 1991;

Dowsett et al., 1992; Raynp and Rau, 1992). Surface conditions
were certainly different from the present: vegetation
distributions were altered, (Dowsett et al., this volune), sea

| evel was at |east 25 neters higher than today, and the hi gher sea
| evel s suggest that the Greenland and Antarctic ice sheets were
smal l er than at present (Haq et al., 1987; Dowsett and Cronin,
1990; Harwood, 1986). Additionally, there has been nuch debate
about the timng and significance of uplift in the Tibetan Pl ateau
region (Rayno et al., 1988; Ruddi man and Kutzbach, 1989; Mol nar
and Engl and, 1990; Rayno and Ruddi man, 1992; Anmano and Taira,
1993; Cochran, 1993); although the focus for wuplift-rel ated
climate change seens to have shifted towards earlier (7-8 M)
epochs (R nd, 1992, Ml nar et al., 1993).

Despite these differences, the mddle Pliocene has nore
simlarities wwth our anticipated future climte than al nost any

other warmperiod in Earth history and it is, therefore, of great



interest to climatol ogists seeking to unravel the conplex
processes that result in a warm ng of our planet. Below we detai

the results of a GCM experinent that begins to explore the causes
and consequences of a warner clinmate like that of the mddle
Pl i ocene. Results and anal yses presented here are the first
produced from an interative data-nodeling project that conbines
ongoi ng research within the U S. Geol ogical Survey's d obal Change
Program and the Goddard Institute for Space Studies (G SS)
Climate Modeling Program The conpanion to this paper (Dowsett et
al., this issue) provides a conplete description of the
pal eocli mate data and boundary conditions that were used in these

experi nents.

Boundary Conditions and Experinment Design

The G SS CGeneral Q rcul ati on Mbdel

The GI SS atnospheric general circulation nodel has nine
vertical layers in the atnosphere and two in the ground. Seven of
t he nine atnospheric layers are in the troposphere and two are in
the stratosphere (i.e. above 100 nb). The version of the G SS GCM
used for the Pliocene experinent has an 8° x 10° horizontal
resolution, uses realistic topography and has a fractional grid
system a feature that allows nodel calculations for both | and and
ocean in coastal grid boxes. The GCM solves the equations for
conservation of mnmmss, energy, nonentum and noisture. The
radi ation routine accounts for aerosols, trace gases (e.g. COp,
CH4, (OB, etc.), water vapor, and clouds. Both convective and
| arge-scale cloud cover is predicted by the nodel. The Pliocene
experinent enpl oyed a full seasonal cycle sinmulation with seasonal

heat storage and diurnal tenperature variations. G ound hydrol ogy



and surface al bedo are functions of specified vegetation types
(Table 1) (Matthews, 1984). At nospheric trace gas |levels were
fixed at 1958 levels (CO2 = 315 ppm and a nodern orbital
configuration was used for solar insolation calculations. A
conpl ete nodel description and results from the current climate
control experinment are presented in Hansen et al. (1983).
Comparisons with doubled-CO2 runs refer to the experinent
presented in Hansen et al. (1984) and discussed in nore detail by

Rind (1988) and Hansen et al. (1988).

Pl i ocene Boundary Conditions

Boundary conditions in the GSS GM (Figure 1) can be organized
into three categories: surface properties, atnospheric
constituents, and external forcings. Surface boundary conditions
can be further subdivided into continental and oceanic properties.
In a geologic tinme frame, none of these boundary conditions are
fixed; however, in the GCM such features are treated as fixed
since they are not allowed to respond to the calculated climte
changes during the course of the experinent. Speci fying sea
surface tenperatures (SSTs) and sea ice distribution does, in
effect, inmpart an inplicit ocean heat transport to the GCM s
ocean. However, given that SSTs are probably the best known of
the various data-derived surface conditions it is useful to
prescribe SSTs for initial paleoclinmte experinments when the
objective is to reproduce a specific clinmate scenari o. MIller et
al. (1983), Russell et al. (Russell et al., 1985) and R nd and
Chandl er (1991) have shown that SST patterns can be reproduced
wi th nmodel -cal cul ated ocean heat transports, however, such

experiments are up to six tines less efficient conputationally.



As additional forcing factors are varied in future sinulations,
SSTs can be given the freedomto adjust so that the full feedback
potential of the oceans can be evaluated. A fully coupled ocean-
at nosphere GCM would allow us to address the |arger issue of
i npacts fromthe deep ocean circul ation

In the experinent described here, three boundary conditions
were altered fromtheir present day Northern Hem spheric val ues:
SSTs, sea ice, and vegetation. The Pliocene SST and vegetation
boundary conditions were reconstructed by the Pliocene Research,
Interpretation, and Synoptic Mapping (PRISM project at the U S
Ceol ogi cal Survey (see Dowsett et al., this issue). Mnthly sea
ice fields were generated based on the specified SST fields.
Differences from nodern conditions are shown in figure 2. For
this experinent we kept Southern Hem sphere conditions at nodern
cli mat ol ogi cal val ues. PRI SM data indicate that tropical and
subtropical SSTs (to 25° north and south) are simlar to nodern
values thus, low latitude conditions within both hem spheres are
close to the best available estimates for the m ddle Pliocene.
D fferences between a current climate control run and the Pliocene
experinment revealed that there is little interhem spheric
i nfluence, therefore, we exclude the Southern Hem sphere in our
anal ysi s. Very few data are available for the Southern
Hem sphere, but there are brewi ng controversies regardi ng Southern
Ccean tenperatures and the size of the Antarctic ice sheet. Thus,
as nore information becones avail able, and as data sets are
conpiled for use as boundary conditions, we can focus on those
I ssues. For now, the specified SST distributions |limt any
dynam cally or radiatively inposed effects caused by the Southern

Hem sphere surface conditions and all indications are that the



Nort hern Hem sphere results should be robust, within the limts of
both the GCM paraneterizations and the data interpretations.

A modern value of 315 ppm (ca. 1958) was used for the
at nospheric CO2 level, a reasonable assunption, since recent
geochem cal analyses and nodeling studies (R nd and Chandl er
1991; Raynp and Rau, 1992) suggest that Pliocene carbon dioxide
was not too far removed from its current level (70 ppm.
Neverthel ess, the clinmate forcing potential of increased Pliocene
CO2 should be explored separately, using sinulations in which
trace gas effects can be studied in a context with full SST and

sea i ce feedbacks.

M ddle Pliocene Climate: Results of GCM Experinents

Tenper at ure

The inclusion of PRISMs Pliocene boundary conditions results
in a 1.4°C warm ng of atnospheric surface air tenperatures,
averaged over the Northern Hem sphere (Table 2). The warmng is
anplified at higher latitudes, consistent with the prescribed
distribution of SSTs, however, the regional distribution of
i ncreased tenperatures is not confined to ocean areas (figure 3).
Zonal |y averaged, high latitude tenperatures increase by nore than
10°Cin winter, and by 4°C in sunmer. The |argest increases occur
bet ween 60° N and 80° N, although, warm ng of up to 2°C extends
into the md-latitudes and even into the subtropics over Africa.
The rise in md-latitude continental interior tenperatures is nost
pronounced during winter, wth increases of between 5°C and 10°C
over North America and Asia. Sumrer tenperatures are al so warner,

by as much as 4°C, over Canada, central Asia, and western Europe.



Subtropi cal tenperature changes are varied. M nor war m ng
occurs over nost of North Africa, Arabia, and northern Mexico
during wnter and over the western boundary current regions of the
oceans throughout the entire year. In contrast to these warm ngs,
air tenperatures cool in nost subtropical ocean regions. Lar ge
tenperature decreases also occur regionally, during the summer
nmont hs, over East Africa and Saudi Arabia, where seasonally
average tenperatures decline by as much as 6°C. This is a
dramati c cooling considering that the specified vegetation changes
in that region allow for greater absorption of radiation at the
surface (figure 2c and 2d). Tropical tenperatures also decrease
by approxi mately 1°C during both sumrer and wi nter nonths despite
specified SST values that were virtually unchanged from their
nodern cli mat ol ogi cal counterparts.

Vertically integrated tenperatures are only slightly altered
from those in the current climte experinent (Table 2). The
warm ng effect decreases with height, thus, when vertically
integrated, high latitude tenperature anplification is |ess
pronounced; the equator to pole air tenperature gradient, which
decreases by 11.5°C at the surface, changes by only 2.8° when
integrated over the entire air colum. Above 100 nb the
tenperature gradient change is actually reversed conpared to the
change at the surface; warm ng occurs in the tropical stratosphere

and tapers off towards the poles.

Tenper at ure Forcing and Feedbacks
The warnmer SSTs and reduced sea ice in the high latitude
oceans, particularly in the North Atlantic, provide the initial

forcing behind the tenperature increase in these experinents.



G ven no other radiative forcing nechanism the inplication is
that the observed SST distribution is the result of an increase in
t he nmeridional ocean heat transport. The specified Pliocene
vegetation patterns (Figure 2c and Dowsett et al., this volune)
decrease surface al bedo over the continents and do, also, pronote
war mer tenperatures by increasing the absorption of incomng solar
radiation in sone regions. During winter, however, the |arge high
to md-latitude warmng in the continental interiors is generated
primarily by reduced snow coverage and the shortened season of
snow accumul ati on. Decreases in snow cover and snow depth (Figure
4) alter ground al bedos over North Anerica, Europe, and Asia
(especially over the Tibetan Plateau) establishing a strong
positive feedback in those regions. Al bedo changes due to snow
reduction are as nmuch as 50% at sone latitudes in wnter, conpared
wi t h maxi num changes of about 10% due to the altered vegetation
patterns. The snow decrease occurs despite an increase in
wintertime continental precipitation; nost of the precipitation in
the warnmer Pliocene run falls in the formof rain, not snow. | f
not for the vegetation changes and the snow al bedo feedback, the
generally weaker circulation systens (see below) mght actually
have lead to cooler and drier continental interiors. Heat and
noi sture advection have been found to decrease in climtes warned
solely by the redistribution of ocean heat (Schneider et al.,
1985; CGrow ey, 1991).

Addi tional feedback factors, which also play a role in the
changes sinmulated in the Pliocene experinent include adjustnents
in cloud cover and atnospheric water vapor (Figure 5 and Table
2). Hi ghly reflective, low level clouds (defined as clouds

residing below 720 nmb in the G SS GCM decrease by al nost 5%



annual Iy, providing a positive feedback that anplifies the warner
climte. Most of that decrease, however, occurs in the extra-
tropics while tropical latitudes actually experience increase
coverage by low clouds; large increases in cloud cover over Africa
are, in fact, responsible for nmuch of the surface tenperature
decrease in that region. Nort hern Hem sphere high |evel clouds
(cl ouds form ng above 390 nb) al so decrease by a few percent. The
change in high level clouds thus serves as a negative feedback to
at nospheric warm ng, since clouds at this height tend to warmthe
climate (Ramanathan et al., 1989). Despite their potenti al
i nportance as feedback mechani sns, the cloud cover changes in this
simul ation should be viewed with caution since the GCMs cl oud
paraneterizations are crude. Conpared with available data (which
is mnimal), the GSS GCM tends to overestimate cloud cover at
high latitudes, thus the nodel's sensitivity at these |atitudes
may be overestimated. Mor eover, variable cloud optical
properties, which may affect the size and even the sign of the
cl oud feedback effect, are not predicted by this version of the
GCM Mor eover, GCM doubl ed-COp sinul ati ons, which incorporate
cloud optical thickness paraneterizations, seemto be at odds with
recent observations conparing cloud optical thickness change to
tenperature change (Tselioudis et al., 1992, 1993).

At nospheric water vapor increase, which constitutes the single
most significant positive feedback to warm ng in doubl ed- COp
climate sinulations (Hansen et al., 1984; R nd, 1988), was not as
inportant a factor in our Pliocene sinulation; contrast the 1%
increase in the Pliocene experinent wth the 26% i ncrease in the
Gl SS doubl ed- CO2 simul ati on. The smmller increase in this

simulation is the result of the relatively cooler tropical SSTs.



The i ncreased SSTs and reduced sea ice at high latitudes do all ow
for higher evaporation rates, however, C ausius-C apyeron behavi or
, Which states that cooler air will hold | ess water vapor per unit
tenperature increase than warner air (Wallace and Hobbs, 1977),
limts the atnospheric water holding capacity at high latitudes.
Since warmng in the Pliocene experinment is largely an
extratropi cal phenonmenon, |arge amounts of water vapor are
inhibited fromentering the atnosphere thus m nim zing the water

vapor feedback.

Preci pi tation and Evaporation Rates

Nort hern Hem sphere precipitation rates increase by 5.1 percent
in the Pliocene sinulation, a hydrological intensification
identical to that found in the G SS doubl ed- COp experinent (Table
2 and Figure 6). Precipitation over the ocean decreases slightly
(-0.25 mmday), while the rate over continents rises (+0.66
m day) . The reduced neridional tenperature gradient, which
decreases storm activity, leads to a general reduction of
precipitation from | arge-scal e supersaturated cl ouds, however, a
nmodest increase in noist convective clouds (those which produce
nmost of the rainfall in the nodel) overcones the loss due to
reduced extra-tropical storms. During winter, precipitation rates
over the continents show little change. while, over oceans, mgjor
precipitation changes are positively correlated with SST anonalies
(Figure 6). Rai nfall increases over the warm ocean regions,
particularly in the region surrounding the Gulf Stream and
decreases in the tropics, where no SST warm ng was specified.
During sumrer the pattern is nore conplex. Si nul at ed rai nf al

rates increase substantially throughout the subtropics including



extrenme intensification over Africa and the Mddle East and | arge
i ncreases over the eastern Atlantic and in the Bay of Bengal . In
addition, smaller increases occur over central Anmerica and
nort hern Canada.

Evaporati on rates decrease, on average, over the oceans (Table
2) because the large aerial extent of the subtropics and tropics
causes the small decreases in those regions to dom nant |arge
evaporation rate increases at high latitudes. The evaporation
pattern is responsible for the reduced strength of the water vapor
feedback (see above) and it is in stark contrast to the pattern
generated in sinulations where global warmng results from an
increase in CO levels. |In those scenarios evaporation rates rise
t hroughout the warner, low |l atitude ocean areas. The fact, that
| ess atnmospheric noisture originates from |low l|atitudes, is
evidence that the intensification of continental precipitation
must result from the advection of noisture from high |atitude
waters and, to a large extent, from a recycling of ground
nmoi sture. The decreased tine over which ground noisture remins
frozen and the reduced area of permafrost allows greater anounts
of noisture to cycle through the ground |ayers during a seasonal
cycle. Furthernore, with the exception of southeast Asia, each of
the regions that experienced large precipitation increases iIs
associated with altered vegetation boundary conditions. Most of
the Pliocene vegetation changes yield increased water holding
capacities and transpiration efficiency, which reinforces the
potential for regional recycling of water (Table 1 and Figure 2c).
The specified vegetation types are consistent wth the

precipitation rates in those regions, but it is clear that the



regi onal hydrology is heavily dependent upon the vegetation and

soil characteristics.

Soi |l Mbi sture

Soil noisture responds to the atnospheric demand for water, as
well as to its supply, therefore, as a diagnostic variable, it
reveal s additional aspects of the climate that were not apparent
fromthe precipitation field alone. The sinulated soil noisture
(defined as the total water in the GCCMs two ground |ayers) is
affected by the distribution of vegetati on boundary conditions in
the GCM because surface albedo, water field capacities and
at nospheric exchange rates of the nodel's ground |ayers are
determ ned by the specified vegetation (Table 1). Altering the
vegetation distribution influences the sinulated climte and the
climate subsequently influences soil noisture |evels.

Soil noisture |evels increase throughout the Arctic coastal
zone, during both seasons, benefiting from the enhanced
hydr ol ogi cal cycle that acconpani es the open, warner high |atitude
waters (Figure 7). Simlarly, greater advection of noisture from
the warnmer North Atlantic leads to soil noisture increases in
Scandi navian and Northern European during w nter. Al t hough
generally wetter conditions exist during winter, decreases in soil
nmoi sture prevail across the md latitudes during sunmer.
Subtropical soil noisture change is dom nated by the extrene
sumertinme increases in eastern and Sahelian Africa. Not abl vy,
however, significant decreases occur in Amazonia and sout heast
Asi a.

The Pliocene soil noisture changes, predictably, are related to

the precipitation distribution, but close correspondence is not



necessarily universal where other factors cone into play. Reduced
wi nter snowfall |essens the springtinme neltwater runoff and
negatively inpacts soil noisture recharge in the upper md-
| atitude regions. Magnifying this phenonenon further, |ess snow
cover allows the ground to warm up earlier in the year and
noi sture is thus lost nore rapidly to evaporation and runoff. The
seasonal profile of high latitude surface runoff shows that
maxi mum runoff into the Arctic Ocean occurs approximtely one
month earlier in the Pliocene run than in the current climte
control run. Even in areas where precipitation increased during
the winter, the soil noisture can becone deficit during sumer if
too little of the winter precipitation was stored as accunul at ed
snow. Areas particularly effected include the region surroundi ng
Hudson Bay, the mdwestern United States, and central Canada
(Figure 7). In other areas, including the southern U.S., northern
Africa and India, rainfall anmunts showed |little change; however,
soi |l noisture val ues decreased considerably. These regions were
characterized by increases in noist convective activity. In such
systens the rainfall is generally intense and short-1lived,
resulting in a higher percentage of surface runoff and |ess soi

infiltration. Poleward of 60°N extreme soil noisture increase
results partly from higher precipitation rates, but it is also a
response to boundary condition changes which, in our experinent,
i nvol ved replacenent of Arctic tundra with boreal forest. The
fact that the soil npisture values equilibrated at nuch higher
levels is an indication that the sinmulated Pliocene climte is
consistent with paleoclimte data that suggests expansion of the
boreal forest to nmuch higher latitudes. Boreal forest soil types

have nearly twice the water holding capacity of the tundras and



are capable, therefore, of helping to nmaintain a wetter regional

envi ronnent through ground hydrol ogy/ at nospher e feedbacks.

At nospheric Dynamics @ Eddies

Specifying the warmer high latitude SSTs in the Pliocene
experinment inplicitly provides an increase of poleward oceanic
heat flux. Several studies have shown that increased ocean heat
flux is generally acconpani ed by a conpensating decrease in the
at nospheric heat transport (Barron, 1987; Covey and Barron, 1988;
Sl oan and Barron, 1990; R nd and Chandl er, 1991; Chandler et al.
1992). This response, which results because of the reduced
| atitudinal tenperature gradient, is ultimately manifested as a
weakeni ng of both the extratropical eddy energy (a neasure of
stormactivity) and the atnospheric general circulation (Table 2).
Eddy kinetic energy, in the Pliocene experinent, decreases by over
13% with the peak decrease of 17% occurring at approxi mately 30° N
|atitude. Transient eddy energy is reduced nearly twi ce as nuch
as the energy in standing eddies and this loss of baroclinicity
makes it apparent that the altered tenperature gradient is the
ultimte cause of change. Summertime eddy Kkinetic energy
decreases even nore than in winter (-19%; the decline is entirely
in the transient eddy conponent (-25%, while standing eddies
actually increase slightly (+8%.

In addition to their intensity, an inportant activity
associated with eddies is the transport of |arge anmounts of energy
pol ewards. Considering the |arge decreases of eddy kinetic energy
it is not surprising that transport of dry static energy by eddi es
decreases also (Table 2). The reduction is nearly 20%in wnter,

all in the formof sensible heat loss. It is sonewhat surprising



that poleward |atent heat transports in eddies are also reduced
dramatically (24% w nter) because atnospheric water vapor actually
increases in the Pliocene sinulation. However, the additional
wat er vapor is added, primarily, at high [atitudes where it is not
readily transported by the lower |atitude eddies. Wth warner
SSTs at high latitudes, and little or no warm ng at |ow | atitudes,
the Pliocene atnospheric water vapor is actually decreased at al
zones equatorward of 40° (Figure 5). This characteristic is in
sharp contrast to the situation produced in doubled-COy gl obal
warm ng experinents (Rind, 1987b). In GI'SS doubl ed- COp
simul ati ons, despite reduced summertine eddy intensity, there is
no loss of latent heat transport because |low | atitude SSTs warm
generating nmuch higher tropical water vapor |evels. Duri ng
wi nter, eddy |latent heat transports actually increase by over 50%
in the doubled-COp climate. The difference between the two warm
climate scenarios is nore than quantitative; in the doubl ed-COp
simul ation, latent and sensible heat transports are a positive
f eedback, augnenting high latitude tenperature anplification
while in the Pliocene run, altered energy transports act as a

negati ve feedback to high latitude warm ng.

At nospheri c Dynami cs: General Qrcul ation

In addition to affecting eddy transports, the smaller
tenperature gradient, particularly between the tropics and
subtropics, has the effect of weakening the |1|arge-scale
at nospheric general circulation (Figure 8). The Hadley Cell's
intensity is reduced by 11% dimnishing the rising notion in the
tropics and subsidence over the subtropics. Subt r opi cal

subsi dence is |l essened in the Pliocene run; however, this does not



substantially increase subtropical precipitation, presumbly
because wave energy, which triggers instability and rainfal
events, is reduced. In contrast, during the summer, the reduced
subtropi cal subsidence contributes to an enornous increase in
rainfall over northern Africa, Arabia, India and southeastern
Asia. The thermally-indirect Ferrel Cell is also reduced conpared
with the control run, although the nodel's Ferrel Cell is too weak
even in the current climte sinulation.

At extratropical latitudes, the effects of other forces, such
as warner SSTs, reduced sea ice, and |less snow, are felt directly.
The I cel andic | ow deepens (Figure 9), as the warm ice-free waters
of the North Atlantic destabilize the atnosphere in that vicinity.
Simlarly, the Aleutian |ow strengthens, albeit to a |esser
ext ent. The Si berian Hi gh weakens in response to the regional
war m ng caused by the reduced snow cover and danpened snow al bedo
f eedback. The feedback is strong enough that it actually
increases the |and/ocean contrasts despite the warner ocean
tenperatures. This effect is nost evident between North Anerica
and the North Atlantic.

Zonal wind speeds in the Pliocene decrease slightly at all of
t he upper levels (Figure 10). The md-latitude jet stream weakens
by approximately 4 nis at its peak, but the maxi num does not shift
appreciably fromits current sinulated position at 30°N. Farther
north, high altitude winds dimnish by about the sane anpbunt as
the md-latitude jet stream Surface winds in both summer and
w nter show patterns that are broadly simlar to the present in
terms of direction (Figure 11), although the magnitudes generally
show weakeni ng over the continents and in the tropics. Variable

i ncreases are seen over regions of North Anerica, Siberia, and the



Ti betan pl ateau where reduced snow cover (Figure 4) altered the
surface heating (Figure 3). The | argest changes occur over the
oceans where winds are actually strengthened during both seasons
in regions affected by the Icelandic and Aleutian |ows. To a
| esser degree, wnds were strengthened in response to the
enhancenent of high pressure zones over subtropical ocean regions.
Smal | er changes, with | ess consistent patterns, are typical over
North Anerica, Eurasia and Siberia in winter, reflecting the

weakeni ng of extratropical high pressure cells.

Di scussi on: I ncreased Ocean Heat Transport and Warnmer
Cli mat es

Specifying SSTs as a boundary condition in GCM climate
experinments is useful in that it forces the atnosphere to react to
the appropriate ocean surface fluxes (assum ng the SSTs are known)
and it is conputationally nore efficient than using m xed-I|ayer or
fully coupled ocean nodels. Yet the practice renoves the
potential feedback contribution of the oceans, which can otherw se
adjust to the climte changes cal cul ated by the GCM

In their review of the climatic role played by ocean heat
transports, Covey and Barron (1988) pointed out that experinents
using specified SSTs represent an arbitrary scenario since "the
[inplied] ocean heat transport does not reflect the nodel boundary
conditions of energy put into the system but rather inplies sone
addi ti onal energy source and nmechani sm of energy redistribution”.
In effect, if specified SSTs were, instead, coupled to the GCM s
at nosphere they would adjust until the radiation emtted by the
oceans bal anced the atnospheric energy flux. As nentioned above,

it has been shown that atnospheric transports tend to conpensate



for additional energy transport by the oceans, thus, w thout an
additional radiative energy source (increased CO2 or solar
radi ati on perhaps) warm specified ocean tenperatures would,
presunmably, cool. At the tinme, Covey and Barron concl uded that
"the potential role of ocean heat transport to explain past
climates is probably overstated". Still, they suggested that a
nmore useful way of studying the problemwould be to use explicitly
suppl i ed ocean heat transports in a GCM

When such experinents were conducted (R nd and Chandl er, 1991)
it was shown that increased ocean heat transports could produce
snow al bedo and sea ice/ al bedo feedbacks that conpensated, or even
overconpensated, for the energy inbal ances created by the warner
SSTs and weakened at nospheric dynam cs. The conclusion was that
certain warm SST scenarios could be self-sustaining if alternate
nmodes of ocean circulation were proved to be plausible. Moreover,
addi tional radiative forcing, beyond that produced by the ocean
heat transport feedbacks, appears to be unnecessary in order to
sustain otherwi se arbitrary SST specifications. Thus, for many
warnmer climates, past or future, the primary concern lies with the
plausibility of the ocean heat transport scenario, whether inplied
or explicit. Some warm SST scenari os, such as Barron's Cretaceous
experiments, using 10°C pol ar SSTs, are thought to be inplausible,
as they require enornous transports across relatively snall
| atitudinal zones (Covey and Barron, 1988). However, Barron
(1983) concluded that Cretaceous ocean heat transports, sufficient
to nelt all polar sea ice, were, theoretically, possible.

Pl i ocene al bedo feedbacks generated an additional 2 W2 beyond
that needed to sustain the specified SSTs. Gven the GSS GCM s

sensitivity of approximtely 1°CW1nt2 (Hansen et al., 1984), the



sinmul ated Pliocene climte would have warned an additional 2°Cif
explicit, rather than inplied, ocean heat transports had been
enployed. If the PRISM Pliocene SST distribution is assuned to
have been generated entirely by altered ocean circulation, the
required increase of poleward ocean heat flux would be
approximately 32% in the Northern Hem sphere (Figure 12). Ri nd
and Chandl er (1991) and Covey (1991) have suggested that increases
of this magnitude are plausible, but that wind driven circul ation
t hernohal ine circulation, or both would have to be altered to
generate the change. Coupl ed ocean-atnosphere GCMs wil |,
eventually, be enployed to analyze such questions; however;
current ocean models cannot accurately sinmulate deepwater
production wi thout resorting to restoration functions or flux
corrections. In lieu of this option, we can at |east identify
whet her or not the sinulated Pliocene atnmospheric regine
positively or negatively reinforces the prinmary ocean circulation
mechani sns.

Figure 13 shows the annually averaged difference (Pliocene
m nus nodern) for variables that affect ocean circul ation: surface
w nds, surface tenperature, and noisture bal ance. Surface w nd
changes (Figure 13a) are large over the oceans and, therefore,
m ght be expected to alter ocean surface circul ation. W nd
vel ocities increased over western boundary currents of the
Atl antic and Pacific oceans, which is suggestive of increased heat
flux in those major, poleward flow ng, water nmasses. However
smal l er counter currents are enhanced on the open ocean sides of
both the Gulf Stream and the Kuroshio currents. Tropical easterly
winds in the Pacific show a slight tendency to increase the east

to west flow in that ocean but, over the Atlantic, the strong



reversal of trade w nds, caused by the enhanced African nonsoon,
i nplies a weakened tropical ocean circulation. At high latitudes,
t he deepened Icelandic low is the dom nant feature and produces
stronger wi nds that could enhance circulation in the North
Atlantic and Greenland Sea. To the extent that this would limt
the poleward encroachment of the Gulf Stream waters, this may
prove to be a negative feedback to high |atitude warm ng.

The SST changes shown in the PRI SM data set (see 2a, 2b and
Dowsett et al., this volune) are dom nated by warner high |atitude
tenperatures, which likely would result in a nore stable ocean in
the regions of the North Atlantic where deep water formation is
nmost common. The warner SSTs lead to significantly warnmer surface
air tenperatures (Figure 13b), particularly at high latitudes;
fewer cold days and increased m nimumtenperatures woul d decrease
average surface water density and reduce the opportunities for
deep water production. Furthernore, the reduced area over which
sea ice fornms mght short circuit the salinity increases that can
occur when freshwater is renoved from the surface ocean during
freezing. Looked at in another way, these sane processes mn ght
shift the |l ocus of deep water production poleward, allow ng nore
heat to be inported into higher |atitudes.

Finally, changes in the npisture balance over the oceans
(Figure 13c) strongly support an increase of salinity at mddle to
high Jlatitudes and, potentially, an intensified Pliocene
t hernohaline circulation. Over the North Atlantic, between 40°N
and 70°N, the noi sture bal ance shows a change of 107% t owards nore
evaporative conditions. Covey and Barron (1988) suggested that
the thernohaline circulation mght provide as nuch as half of the

current poleward ocean heat transports; if so, the altered



nmoi sture fluxes, alone, mght be enough to increase the poleward
ocean heat flux by the required 15% to 20% In fact, sone
experinments with the ASS GCM (R nd and Chandl er, 1991) suggested
that increasing Atlantic transports by as little as 36% m ght be
enough to nelt all Arctic sea ice and could create a warmclimte
simlar to our Pliocene sinulation. Further conjecture awaits
ocean- at nosphere nodel s that can sinulate deep water production
wi thout resorting to the types of extreme surface flux corrections

currently required by ocean GCMs.

Concl usi ons

Conpari sons of the sinulated regional climatic features with
Pl i ocene paleoclimate data in figure 14 indicate that surface air
tenperatures produced by the GCM in the Northern Hem sphere
cl osely approxi mate pal ynol ogical tenperature estinmates. The
general pattern of surface air warmng follows from the SST
patterns that were specified using PRI SM data (Dowsett et al.
this issue); little change in the tropics with anplification at
high latitudes. Geatest warm ng occurs in the northern extrenes
of North America and Russia, as well as in Northern Europe, where
tenperatures rise 12°C in sone | ocations.

The altered SST gradient strongly inplicates ocean heat
transports as a driving force behind the mddle Pliocene warnth.
Level s of COp, |arge enough to cause such extrene high |atitude
tenperatures, would generate concomtant warmng in tropical
regions--a warmng that is not evidenced by paleorecords.
Cal cul ated surface fluxes show that an increased neridi onal ocean
heat flux of not quite 32% could achieve a clinmate simlar to the

one portrayed by the PRISM data. G ven the warnmer high |atitude



waters and the sluggish state of the atnobsphere, which results
fromthe reduced | atitudinal tenperature gradient, any ocean fl ux
i ncrease woul d probably have resulted froma strengthening of the
t hernmohal ine circulation through salinity increases.

Continental warmng i s enhanced during the winter by reductions
in both snow and sea ice, which generates a positive albedo
f eedback. In no continental regions are sinulated tenperatures
substantially cooler than the data inply. This is in contrast to
many ot her warm pal eocli mte scenarios for which nodel/data
conpari sons have been conducted. Data for many past tinme periods
(e.g. Cretaceous, Jurassic, Eocene) portray continental interior
tenperatures as having been nuch warmer than any GCMs are able to
produce, using reasonable boundary conditions (Barron and
Washi ngton, 1985; Chandler et al., 1992; Sl oan and Barron, 1990).
Interpretations of continental interior warmng for the Pliocene
does not tend to be as extrene as for sone of the earlier warm
periods, but the simlarity between Pliocene and nodern
continental boundary conditions suggests that any tuning
paraneters built into the GCM are also nore likely to be valid.
Utimately, we expect a good match between nodel -derived and dat a-
derived tenperature fields, because tenperatures are generally a
robust diagnostic in the GCM  Furthernore, tenperatures are not
nodi fied at the local scale as nmuch as other climte variables,
thus site-specific data, such as pal ynol ogical records, are nore
representative of regional conditions.

Conversely, hydrol ogical characteristics exhibit great regional
variability, making it harder to extrapolate from site-data to
| arge areas such as those represented by a GCM grid cell.

A obal |y averaged, evaporation and precipitation decrease over the



oceans, although |arge positive anomalies are dom nant at high
| ati tudes where increased evaporation tends to exceed the change
in precipitation. The hydrol ogical cycle intensifies over the
continents, where annual average evaporation, rainfall, and soi
nmoi sture all increase. Sumrer drought is, however, a regular
feature of the Pliocene experinment, a result that is not supported
by terrestrial records and which points to deficiencies in
hydr ol ogi cal paraneterizations and perhaps in assigned boundary
condi tions. The nodel's sinple paraneterizations for clouds,
convection, and ground hydrol ogy make sinulated precipitation,
soil noisture, and runoff less reliable, yet, hydrological results
from East Africa, Europe, eastern North America, and Canada, are
consistent with pal eorecords (Figure 14). In sone regions, where
hydr ol ogi cal data and nodel results are m smatched, such as the
western U.S., problenms are exacerbated by the high relief
t opogr aphy. A fractional grid GCM as was used here, resolves
t opographic features better than a spectral nodel of simlar
resolution, but, significantly finer resolutions are required in
order to distinguish relief of the type that exists in the Basin
and Range. Because the data is sparse, and necessarily local in
nature, and because the conmputational expense of reducing
resolution is extrene, experinents |ike those conducted recently
by Hostetler et al. (1994), using nested-grid resolutions, my be
t he nost reasonable near termsolution for inproving hydrol ogi ca
pal eocl i mat e dat a- nodel conpari sons.

The GCM sinulation identifies specific areas such as north
Africa, central and southeast Asia, and Central Anerica for future
data collection because further analyses in those regions could

help validate sinmulated climte changes. Qur study also



enphasi zes the requirenent for global data sets and quantitative
estimates of climte related paraneters for nodel/data studies.
The Pliocene nodel -data conpari son project enploys an iterative,
cooperative approach, and this study represents only the first
step. Already, the Northern Hem sphere PRI SM data, presented in
Dowsett et al. (this issue), are being expanded and refined to
include estimtes for the Southern Hem sphere and nore
sophi sticated versions of the GSS GCM are being prepared for
future experinents.

Despite constant need for nore conputational power, the pace of
such projects is limted nostly by the tinme consum ng process of
obt ai ni ng and anal yzi ng new dat a. It is hoped that the GCM can
hel p speed this process by identifying critical sites for
exploration or reanalysis. The Pliocene remains an essential tine
period to understand, because it is the nost recent period in
geol ogi ¢ history having tenperatures as warm as those antici pated
for the com ng century. In many respects, from continental
distribution to vegetation types, it is nore simlar to our future
than any other warm period of the past. Mre data and sinul ations
are needed, and we nust explore controversial issues within both
the data and nodeling segnents of the project; however, it is
likely that we will add to our ability to predict future clinmate

change as we inprove our capability to sinulate the Pliocene.



Ref erences

Amano, K. and Taira, A, 1993. Reply to Comment on: Two-phase
uplift of H gher H nmal ayas since 17 Ma. Ceol ogy, 21. 379.

Barron, E. J., 1983, The oceans and atnosphere during warm
geol ogi ¢ periods, Proceedings of the Joint Oceanographic
Assembly 1982, General Synmposia. Canadian National
Commttee/ Scientific Conmttee on Ccean Research, Otawa,
Ontario, 189 p.

Barron, E. J., 1987. Eocene equator-to-pole surface ocean
temper atures: A significant climate probl em?
Pal eoceanogr aphy, 2: 729-739.

Barron, E. J., 1989. Studies of Cretaceous Climate. In Berger, A,
Di ckinson, R E. and Kidson, J. W, (Edtr), Understanding
Climate Change: Anerican CGeophysical Union, Washington, D.
C., pp. 149-158.

Barron, E. J. and Peterson, W H., 1990. M d-Cretaceous ocean
circulation: Results from nodel sensitivity studies.
Pal eoceanogr aphy, 5: 319-338.

Barron, E. J. and Washington, W M, 1984. The rol e of geographic
variables in explaining paleoclimtes: results from
Cretaceous climate nodel sensitivity experinents. J. Geophys.
Res., 89: 1267-1279.

Barron, E. J. and Washington, W M, 1985. Warm Cretaceous

climates: Hi gh atnospheric COy as a plausible nmechanism In

Sundqui st, E. T. and Broecker, W S., (Edtr), The Carbon
Cycle and Atnospheric COp: Natural Variations Archean to

Present, Geophysical Monograph 32: Ameri can Geophysica
Uni on, Washington, D.C., pp. 546-553.



Chandler, M A, Rnd, D. and Ruedy, R, 1992. Pangaean climte
during the Early Jurassic: GCM sinulations and the
sedi nentary record of paleoclinmte. Geol ogical Society of
Anerica Bulletin, 104: 543-559.

Cochran, J. R, 1993. Comment on: Two-phase uplift of Hi gher
H mal ayas since 17 Ma. Geol ogy, 21: 378-379.

Covey, C. and Barron, E. J., 1988. The role of ocean heat
transport in climatic change. Earth-Science. Reviews, 24:
429- 445.

Covey, C., 1991. dimte Change: Credit the oceans? Nature, 352:
196- 197.

Cowmey, T. J., 1991. Mddeling Pliocene Warnth. Quaternary Science
Revi ews, 10: 275-282.

Dowsett, H. J. and Cronin, T. M, 1990. Hi gh eustatic sea |leve
during the mddle Pliocene: evidence from southeastern U. S
Atl antic coastal plain. CGeology, 18: 435-438.

Dowsett, H J., Cronin, T. M, Poore, R Z., Thonpson, R S
Whatl ey, R C. and Wod, A M, 1992. M cropal eont ol ogi cal
evi dence for increased neridional heat transport in the North
Atlantic Ccean during the Pliocene. Science, 258: 1133-1135.

Dowsett, H. J., Thonpson, R S., Barron, J. A, Cronin, T. M,
| shman, S. E., Poore, R Z., Wllard, DO A and Holtz, T. R
Jr., 1993. Pal eoclimtic reconstructions of a warmer Earth:
PRI SM M ddl e Pliocene Northern Hem sphere Synthesis. d oba
and Planetary Change Section of Palaeogeography,

Pal aeocl i mat ol ogy, Pal aeoecol ogy, this vol une.



Hansen, J. E., Fung, |., Lacis, A, Rnd, D, Lebedeff, S., Ruedy,
R and Russell, G, 1988. d obal clinmate changes as forecast
by Goddard Institute for Space Studies three-dinmensional
nodel . J. Geophys. Res., 93: 9341-9364.

Hansen, J. E., Lacis, A, Rnd, D, Russell, G, Stone, P., Fung,
|., Ruedy, F. and Lerner, J., 1984. Climate sensitivity:
Anal ysis of feedback nechanisms. In Hansen, J. E. and
Takahashi, T., (Edtr), Climte Processes and Climte
Sensitivity: American Geophysical Union, Washington, D. C.,
pp. 130-163.

Hansen, J. E., Lacis, A, Ruedy, R, Sato, M and WIson, H.,
1993. How sensitive is the world's climte? Research and
Expl oration, 9: 142-158.

Hansen, J. E., Russell, G, Rnd, D, Stone, P., Lacis, A,
Lebedeff, S., Ruedy, R and Travis, L., 1983. Efficient
t hr ee- di nensi onal gl obal nodels for climte studies: Mdels
and I'l. Monthly Wat her Reviews, 111: 609-662.

Haq, B. H., Hardenbol, J. and Vail, P. R, 1987. Chronol ogy of
fluctuating sea l|levels since the Triassic. Science, 235:
1156- 1167.

Harwood, P. J., 1986. Di atom bi ostratigraphy and pal eoecol ogy with
a Cenozoic history of Antarctic ice sheets. Thesis. Ohio
State Univ., Colunbus, Chio, 592 pp.

Hoffert, M |. and Covey, C., 1992. Deriving global climte
sensitivity from pal eoclimate reconstructions. Nature, 360:
573-576.

Hostetler, S. W, Gorgi, F., Bates, G T. and Bartlein, P. J.,
1994. Lake-atnosphere feedbacks associated wth pal eol akes

Bonnevi |l | e and Lahont an. Sci ence, 263: 665-667.



Kerr, R A, 1993. Ccean-in-a-nmachine starts |looking |ike the real
t hi ng. Sci ence, 260: 32-33.

Kut zbach, J. E. and CGuetter, P. J., 1986. The influence of
changi ng orbital paranmeters and surface boundary conditions
on climate sinmulations for the past 18 000 years. J. Atnos.
Sci., 43: 1726-1759.

Maier-Reinmer, E., Mkolajewicz, U and CGowey, T. J., 1990. Ccean
general circul ation nodel sensitivity experinment with an open
Central Anmerican isthmus. Pal eoceanography, 5: 349-366.

Manabe, S. and Broccoli, A J., 1985. The influence of continental
ice sheets on the clinmate of an ice age. J. Geophys. Res.,
90: 2167-2190.

Matt hews, E., 1984. Prescription of |and-surface boundary
conditions in GSS GCM Il: A sinple nmethod based on high-
resol ution vegetation data bases. NASA Techni cal Menorandum
86096, NASA Goddard Space Flight Center Institute for Space
St udi es, 20.

Mller, J. R, Russell, G L. and Lie-Ching, T., 1983. Annua
oceani ¢ heat transports conputed from an atnospheric nodel
Dynam cs of Atnospheres and Cceans, 7: 95-109.

Mol nar, P. and England, P., 1990. Late Cenozoic uplift of nountain
ranges and gl obal climte change: chicken or egg? Nature,
346: 29- 34.

Mol nar, P., England, P. and Martinod, J., 1993. Mantle dynam cs,
uplift of the Tibetan Plateau, and the Indian nonsoon.

Revi ews of Geophysics, 31: 357-396.



Moore, G T., Hayashida, D. N, Ross, C. A and Jacobson, S. R,
1992. Paleoclimte of the Kimeridgian/Tithonian (Late
Jurassic) world: 1. Results using a general circulation
nodel . Pal aeogeogr aphy, Pal aeocli mat ol ogy, Pal aeoecol ogy, 93:
113-150.

Ramanat han, V., Barkstrom B. R and Harrison, E. F., 1989.
Climte and the Earth's radi ati on budget. Physics Today, 42,
May: 22-32.

Rayno, M E. and Rau, G, 1992. Plio-Pleistocene atnospheric CO
levels inferred from POM 013C at DSDP Site 607 (Abstract).
Eos, Transactions of the Anmerican GCGeophysical Union, 1992
Fal | Meeting Suppl enent, 73: 95.

Raynmb, M E. and Ruddi man, W F., 1992. Tectonic forcing of late
Cenozoic climate. Nature, 359: 117-122.

Rayno, M E., Ruddiman, W F. and Froelich, P. N, 1988. Influence
of Late Cenozoic nmountain building on ocean geochem cal
cycl es. Ceol ogy, 16: 649-653.

Rind, D., 1986. The Dynam cs of warmand cold climtes. J. Atnos.
Sci., 43: 3-24.

Rind, D., 1987a. Conponents of the Ice Age circulation. J.
Geophys. Res., 92: 4241-4281.

Rind, D., 1987b. The doubled CO, climate: Inpact of the sea
surface tenperature gradient. J. Atnos. Sci., 44: 3235-3268.

Rind, D., 1988. The doubled CO2 climate and the sensitivity of the
nodel ed hydrol ogi c cycle. J. Geophys. Res., 93: 5385-5412.

Rind, D, 1992. An uplifting experience. Nature, 360: 414-415.

Rind, D. and Chandler, M A, 1991. Increased ocean heat
transports and warnmer climte. J. Geophys. Res., 96: 7437-

7461.



Ruddi man, W F. and Kutzbach, J. E., 1989. Forcing of Late
Cenozoic Northern Hem sphere climate by plateau uplift in
sout heast Asia and the Anerican southwest. J. Ceophys. Res.,
94: 18, 409-18, 428.

Russell, G, Mller, J. R and Tsang, L.-C, 1985. Seasonal
oceani ¢ heat transports conputed from an atnospheric nodel
Dyn. Atnos. Ccean., 9: 253-271.

Schneider, S. H., Thonpson, S. L. and Barron, E J., 1985. Md-
Cretaceous continental surface tenperatures: Are high CO,
concentrations needed to sinulate above-freezing w nter
conditions? In Sundquist, E. T. and Broecker, W S., (Edtr),
The Carbon Cycle and Atnospheric CO,: Archean to Present,
Geophysi cal Monograph 32: Aneri can Geophysi cal Uni on,
Washi ngton, D. C, pp. 554-560.

Sloan, L. C. and Barron, E. J., 1990. "Equable" climtes during
Earth history? Geol ogy, 18: 489-492.

Sloan, L. C. and Barron, E. J., 1992. A conparison of Eocene
climate nodel results to quantified paleoclimtic
i nterpretations. Pal aeogeogr aphy, Pal aeocl i mat ol ogy,
Pal aeoecol ogy, 93: 183-202.

Tselioudis, G, Rossow, W B. and Rind, D, 1992. d obal pattern
of cloud optical thickness variation with tenperature
Journal of Cimate, 5: 1484-1495.

Tselioudis, G, Lacis, A A, Rnd, D, and Rossow, W B., 1993
Potential effects of cloud optical thickness on clinmte,
Nat ure, 366: 670-672.

Val des, P. J. and Sellwood, B. W, 1992. A pal aeoclimte nodel for
the Kimeridgian. Pal aeogeography, Palaeocli matol ogy,

Pal aeoecol ogy, 95: 47-72.



Wal |l ace, J. M and Hobbs, P. V., 1977. Atnospheric Science: An

I ntroductory Survey. Ol ando, Academ c Press, 467 pp.



Tabl e Captions

Table 1. Properties in the G SS GCM that are assigned based on
veget ation type.

Table 2. Climte variables from three G SS GCM sinul ations:

Current climate, Pliocene and doubl ed-CO,. All val ues

are Northern Hem sphere averages.



Fi gure Captions

Figure 1

Fi gure 2.

Boundary conditions used in the Goddard Institute for
Space Studies CGeneral Circulation Mdel I1. Boundary
conditions are the assigned physical characteristics
that affect with the atnospheric circulation and/or
radi ative properties. They may be altered between
sinmul ations, but are fixed during the course of a
simul ation. Some characteristics, such as sea surface
tenperatures and sea ice, nmay be treated as boundary
conditions or they can be calculated interactively by
t he nodel .

(a,b) February and August sea surface tenperature change
[°C] (Pliocene - Mddern). Pliocene data were supplied
by the PRI SM Project nenbers (see Dowsett et al., this
vol une) . Mont hl y- average SST boundary conditions for
the Pliocene GCM sinulation were interpolated using a
sine curve fit to the warnmest (August) and cool est
(February) nmonths. (c,d) Pliocene and nodern vegetation
distributions. Gayscale shading shows relative al bedo
characteristics of vegetation types. Water field
capacities of the ground layers in the GSS GCM are al so
determ ned by the assigned vegetation type (see Table
1). Ground |ayers are 50% saturated for the
simulation's initialization. [i=ice, t =tundr a,
fs=various m xed deciduous/evergreen forests,
gs=grassl ands, ds=desert vegetation, rf=tropical

rai nf orest]



Fi gure 3.

Fi gure 4.

Fi gure 5.

Surface air tenperature change for winter and sumrer.
Unl ess otherwi se noted, results are presented as
differences (A) between the Pliocene sinmulation and a
G SS GCM current climate control sinulation (Hansen et
al., 1983). Cimte fields are averaged over a given
time interval: winter = Decenber, January, February
(DIF); summer = June, July, August (JJA); or annual.

(a) Snow cover and (b) snow depth change in w nter
(DJF). Decreased snow cover was a positive feedback in
the warmer Pliocene climte simulation. The war nmer
tenperatures reduced snow coverage and shortened the
season during which precipitation falls as snow. The
reduction in ground al bedo allows nore solar energy to
be absorbed at the surface.

Pliocene climte feedback mechanisnms: change from
current climte control run. The primary climte
f eedbacks that affect warnmer climtes include cloud
di stribution, ground albedo (from snow, ice, and
vegetation distribution), and atnospheric water vapor.
During the Pliocene simulation cloud cover showed little
change, water vapor increased north of 18° but was
reduced nearer the equator, and ground al bedo was
reduced at high latitudes, primarily due to the | oss of

i ce and snow.



Fi gure 6.

Figure 7.

Fi gure 8.

Precipitation change for winter (DJF) and summer (JJA).
Over the oceans, the rainfall anomalies are positive
where SSTs were warner. Large increases in rainfal
over subtropical regions resulted primarily from a
weakeni ng of the subsidence associated with the Hadl ey
circul ation. Warm ng increased convection over the
continents, especially during summer, thus anplifying
precipitation increases over |and.

Soi |l noisture change for a) winter (DJF) and b) sumer
(JJA). Soil noisture changes are generally positive in
wnter--a result partially related to the altered
Pl i ocene vegetation boundary conditions, which allowed
hi gher water field capacities in many regions. I n
contrast, summer soil noisture values in several regions
show a decrease conpared to the nodern climte, a
feature related to an increase in evapotranspiration
associated with the warnmer continental clinmates. I n
several |ocations the nodel's "summer drought" response
is inconsistent with pal eobotanical data [see figure 14,
and Dowsett et al., this issue].

a) Stream function (negative val ues represent clockw se
flow) and b) the change in stream function [109 kg/sec]
for Northern Hem sphere winter. The streamfunction is
a representation of the atnospheric mass flux and is
commonly used to visualize primary features of the
general circulation. Changes in the stream function for
the Pliocene climate reveal an overall weakening of both
the thermally direct, low latitude Hadley cell and the

md-|l atitude Ferrel cell



Fi gure 9.

Fi gure 10.

Figure 11

Fi gure 12.

a) Wnter season sea level pressure field for the
Pliocene sinmulation and b) Pliocene sea |evel pressure
change from the G SS current climate control run.
Pressures are |lower over nuch of the Northern
Hem sphere; warmer SSTs destabilize the | ower
at nosphere, deepening the Icelandic and Al eutian | ows.
Hi gh pressure cells over North Anerica and Siberia are
weakened by the continental warm ng associated wth
reduced wi nter snow cover [see figure 4].

a) Zonal wind in nmeters/second (positive val ues
represent westerly w nds) and b) change in zonal w nd
(m's) for Northern Hem sphere w nter. The danpened
equator to pole tenperature gradient reduces the
strength of the jet level winds in accordance with the
thermal wi nd equation. Zonal averages reveal no shift
inthe latitude of peak jet intensity.

Surface wnd patterns and change of surface w nds
for winter (DJF) and sumer (JJA). Responding to
pressure changes [see figure 8] the Pliocene surface
wi nds are generally increased about the major stationary
cells. One exception may be in the tropical Atlantic
where an intensified African nonsoon appears to weaken
the trade w nds.

Pl i ocene and nodern ocean heat transports for all
oceans conbined (global) and for the Atlantic Ocean
al one. Transports were cal cul ated based on the surface
ener gy bal ances obtained fromthe GCM using the nethod

of MIler et al. (1983).



Fi gure 13.

Fi gure 14.

Annual |y averaged differences between Pliocene and
current climate control runs for values that influence
ocean circul ation and, therefore, neridional ocean heat
transports: a) surface winds, b) surface tenperature, c)
precipitati on m nus evaporation.

Qualitative conparisons between Pliocene sinulation
results and terrestrial records for several |arge
geographi c regions of the Northern Hem sphere. The text
of this paper contains a nore detail ed discussion of
nmodel results while further discussion of the data nmay
be found in the conpanion paper by Dowsett et al. (this
issue) as well as in the references listed below.
Ref erences are nunbered to correspond with a specific
region in the above figure and full citations appear in
the reference list of Dowsett et al. (this issue):

fig 14 caption continued on

next page-->

1. Adam et al., 1989, 1990; Smth et al., 1993
Smth, 1984, Thonpson, 1991; Thonmpson, 1992;
Wnograd et al., 1985

2. De Vernal and Mudie 1989a, b; Matthews 1987, 1990;
Mat t hews and Ovenden, 1990; Nel son and Carter, 1985

3. Groot 1991; Litwn and Andrele 1992; WIllard et
al.,1993; Wllard (in review

4. | cel and —Akhnetiev et al., 1978, Akhnetiev, 1991;
Schwar zbach and Pflug, 1957; WIllard, 1992; WIllard
(in review). Nort hern Europe — Hunt, 1989; Mohr
1986; Rousseau et al., 1992; Suc and Zagw jn, 1983;

Zagw jn, 1992; Zalasiewcz et al., 1988
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10.
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Bertol ani Marchetti, 1975; Bertolani Marchetti et
al., 1979; Cravatte and Suc, 1981; Gegor 1990; Suc
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